Abstract-Random volume and surface scattering is a topic, which has been studied in many domains such as optical wave propagation in turbulent media, plasmonics and surface optics. Useful phenomena in the optical range can be produced by random media with randomly rough surfaces. Designing these disordered slabs with rough surfaces can produce new optical components, which can transmit or scatter optical field with specified angular, spatial or spectral properties. Understanding how light interacts with disordered matter is a fundamental issue in optoelectronics and photonics and has huge consequences in communications, imaging and sensing. In this paper, we consider a three-dimensional disordered medium with randomly rough interfaces. This structure describes a device based on metallic nanoparticles embedded in insulators or dielectric media. We present a theory of transport based on the Bethe-Salpeter equation. The calculation of the intensities scattered by the considered structure for the ladder and mostcrossed contributions is given by a Green tensor, which satisfies a Bethe-Salpeter equation.
INTRODUCTION
Random media have attracted much attention, not only in electromagnetic wave propagation, but also in solid-state physics. The governing equation can be written in the form of a BetheSalpeter equation. The problem is then reduced to find a good approximation to the solution of this equation. For a three-dimensional system composed of a random medium bounded by two randomly rough surfaces, the Bethe-Salpeter is constructed in order that the medium and the boundaries are treated on the same footing. This unified Bethe-Salpeter equation enables us to obtain a general expression, whatever the choice of the scattering operators used at the boundaries. The Quasi-Crystalline Coherent Potential Approximation (QC-CPA) is taken into account for the contribution of the random medium, which is made of spherical particles of given permittivity in a homogeneous background medium. The boundaries are described by random functions. In [1] [2] [3] [4] , we developped a general formalism based on Green functions to calculate the diffuse intensity. With these Green functions, we can separate the contributions of the surfaces and the volume. The procedure is to write the Maxwell equations as an integral form with the help of the Green functions and to apply the Wigner transform to the derived equation. Starting from the wave equation, we are able to take into account new contributions to the scattered intensity such as enhanced backscattering and the correlations between the scatterers which can not be introduced by the phenomenological radiometric approach. We use an unified approach to describe how the waves interact with the randomly rough boundaries. The main advantage of this approach is that the equations we obtained are very similar to the equations used to describe the electromagnetic waves scattered by an infinite random medium.
INCOHERENT SPECIFIC INTENSITY AND CROSS-SECTION
We consider harmonic waves with e −i ωt dependence. We are going to study a three-dimensional slab (see Fig. 1 ), which is composed of an incident medium of permittivity 0 , a first randomly rough boundary, a random medium defined by a permittivity 1 which contains scatterers, a second randomly rough boundary at the distance z = −H and a semi-infinite homogeneous medium with a permittivity 2 . In this approach, the main quantity we used to describe the scattering process is the specific intensity, which can be defined as a Stokes vector or a tensor if the polarization of the electromagnetic wave is taken into account. For a random layer with rough interfaces, the incoherent specific intensity can be decomposed into four parts. 
where the contributions are given by:
with e 0 = vac c vac n 0 /2. vac and c vac are respectively the permittivity and the speed of light in vacuum. n 0 is the optical index of the medium 0. T R defines the right transpose of a tensor. The superscripts of the operators and the Green functions correspond respectively to the receiver location and the source location (0 for the medium 0, 1 for the medium 1, 2 for the medium 2). The first term I I I incoh L=0 gives the scattering by the slab with rough boundaries and defined by an effective permittivity given by the QC-CP approximation [1] . The second term I I I incoh L=1 is related to the first approximation where only one process of scattering by a particle is taken into account. The two last terms I I I incoh Ladder and I I I incoh Crossed correspond respectively to the ladder approximation and the most-crossed approximation. The tensor P P P 11 describes the intensity scattered by the first particle the wave encounters. The expression of this tensor is given by the the Quasi-Crystalline Coherent Potential Approximation (QC-CPA). This intensity operator is determined by using the energy conservation principle and takes into account the correlations with the other particles. Under the QC-CPA, the effective permittivity satisfies a non-linear system of equations. Introducing these equation in a Ward identity, we obtain an expression, called the modified ladder approximation for the intensity operator P P P 11 which satisfies the energy conservation. The operator G G G 11 SV is the Green tensor which contains the interaction between the scatterers and the surfaces. We will study its expression in the following section. The lower index SV represents the average over the randomly rough surfaces and the disordered medium. The fields E 0s S (r), E 1t S (r) represent respectively the field scattered by the interfaces without any interaction with the scatterers and the field transmitted in the layer before an interaction with the scatterers. Their expressions are given by: 
With the definitions of the wave vectors k 0± p and k
1±
p by:
we have,
with:
We define an upgoing wave if the wave vector is directed along z > 0 (a = +), and a downgoing wave if the wave vector is directed along z < 0 (a = −). For example, S 1+,0− (p|p 0 ) describes the scattering operator of an incident downgoing wave from medium 0 which is scattered into an upgoing wave in medium 1, that is to say, the source in the medium 0 generates in the medium 1 a transmitted downgoing wave, which after a reflection on the second rough surface generates an upgoing wave. In Fig. 2 , we define the representations of different scattering operators. The relation between the specific intensity and the cross-section is given by a product of two tensors:
where
In (13), we have a tensorial product of two vectors.
GREEN TENSOR G G G

SV
As seen in the previous chapter, the contributions for the most-crossed and the ladder diagrams are determined by the Green tensor G G G
11
SV , which satisfies a Bethe-Salpeter equation. It contains the second order and the higher orders describing the scattering by particles. The Fig. 3 gives a representation of the scattering process for the ladder approximation. To calculate the previous expressions, we need to estimate the tensor G G G 11 SV , as no exact solution exists for the expression of the Green tensor, we rely on a perturbative method. In [3, 4] , we calculated this tensor for the first-order approximation. In this paper, we take into account the second-order approximation. The very first results for this second-order approximation was given in [5, 6] . The Green tensor
is given by the Bethe-Salpeter equation as follows:
where the previous tensors are defined by the following tensorial products of the Green functions:
By iterating the Bethe-Salpeter Eq. (14) we obtain the following perturbative development:
It can be noticed that the first-order Green tensor expansion represents an approximation of a double-scattering theory for the cross-section while the second-order corresponds to an approximation of a third-order scattering for the cross-section. This second-order expansion is taken into account in the simulation we present in the next section. Cross-section of a slab with an effective permittivity e = 2.37 + i 1.74710 −2 . The disordered medium contains nanoscale metallic particles, the upper surface of the slab is a randomly rough surface, the angle of incidence is θ 0 = 0
• , the incident wavelength λ = 1.5 µm.
CROSS-SECTION CALCULATION
Calculations of the intensity cross-sections require multi-dimensional integrations on two-dimensional wave vectors. We use an integration method of Gauss-Legendre with N points. We have to cope with oscillating expressions. To increase the precision of integration, we develop an integration method taking into account suitable domains of integration. We compute the incoherent cross-section in the plane of incidence for a slab, which is defined as follows. The incident medium is vacuum ( 0 = 1). The layer depth is H = 5λ, its permittivity is 1 = 2. The upper layer boundary is defined as a slightly randomly rough surface defined by the RMS height of the surface σ/λ = 0.01 and the correlation length is given by l/λ = 0.3. The lower boundary is a flat surface, which separates the layer from a semi-infinite medium of permittivity 2 = 16. The wavelength is given by: λ = 1.5 µm. The medium contains two types of spherical metallic particles defined as Rayleigh spherical scatterers. The radius of the first type of particles is r 1 = λ/20. The volume fraction of these particles is f vol1 = 0.0125. For the second type of particles, the radius is r 2 = λ/200, the volume fraction is f vol2 = 0.0375. The global volume fraction is 5%. We obtain (Fig. 4 ) the total incoherent cross-section for an incident angle θ = 0 • , for the co-and cross-polarization components and the circular polarization components (right to right and right to left). The backscattering enhancement is due to the most-crossed diagram contributions, we can notice that the second order of the Green tensor expansion is about 5% of the first order. We have highlighted the backscattering enhancement peak due to the scattering by nanoscale particles in the disordered slab, which is a new result for the 3D configuration considered in this paper.
CONCLUSION
This paper was devoted to a theory of transport based on a Bethe-Salpeter equation. We presented a multiple scattering theory (up to third-order) for a random slab with discrete nanoscale scatterers and bounded with randomly rough surfaces. A new expansion of the Green tensor up to second order was developed, and calculations of the incoherent cross-sections were performed taking into account polarization components with the Mueller matrix. We observed the backscattering enhancement peaks for the most-crossed contribution and for all polarization components.
